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pH-Jump Induced α-Helix Folding of Poly-L-
Glutamic Acid
Mateusz Donten, Peter Hamm
Institute of Physical Chemistry, University of Zurich, Winterthurerstrasse 190, CH-
8057 Zu¨rich, Switzerland
Abstract: pH jumps are a truly biomimetic technique to initi-
ate non-equilibrium dynamics of biomolecules. In this work, the
pH jump induced α-helix folding of poly-L-glutamic acid is inves-
tigated upon proton release from o-nitrobenzaldehyde. The aim
of this work is twofold: On the one hand, design criteria of pH
jump experiments are discussed, on the other hand, the folding
mechanism of poly-L-glutamic acid is clarified by probing the IR
response of the amide I band. Its folding kinetics is studied in
dependence of the starting pD, the size of the pD jump and the
length of the helix. While no dependence on the first two param-
eters could be detected, the folding time varies from 0.6 µs to
1.8 µs for helix lengths of 20 residue to 440 residue, respectively.
It converges to a long-length limit at about 50 residue, a result
which is attributed to a nucleation-propagation mechanism.
1 Introduction
Proper understanding of the chemistry of peptides and proteins
is essential in many fields of life sciences. The extensive research
effort taken in this field employs many different measurement
techniques to characterize processes such as protein folding and
function control on a molecular level (channel gating, allosteric
response etc.). Among the many possible approaches [1], laser
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pump-probe spectroscopy has the advantage of combining well
established probes such as vibrational [2,3], electronic or circular
dichroism [4–6] spectroscopy with practically unlimited time res-
olution. These experiments yield direct information on the non-
equilibrium dynamics of the studied phenomenon, and hence can
track chemical processes in biomolecules in real time.
For designing a non-equilibrium experiment, an efficient way of
triggering the investigated process is needed in order to shift the
equilibrium. On timescales faster than what fast mixing tech-
niques can achieve, the choice of parameters affecting the equilib-
rium is limited to those that can be optically triggered in a laser
pump-probe experiment. Besides naturally triggerable proteins
(e.g. rhodopsin, photosynthetic reaction center, myoglobin), most
commonly used methods utilize temperature jumps (T-jumps),
photoswitches and caged compounds, such as pH jumps. All of
these methods put certain constraints on the properties of the
sample and the applied probing method. Photoswitches became
ideal to study certain conformational rearrangements depending
on sterical constraints [7,8]. T-jumps are considered relatively
universal since all chemical equilibria involving an entropic con-
tribution depend on temperature [9–23]. A pH-jump requires a
photo-acid or a caged proton, which release protons either re-
versibly or permanently, respectively. The fast proton transfer
mechanisms per se after photo initiation of such molecules has
been studied extensively [24–28], but applications of pH jumps
in context of biophysical studies received less attention, despite
the well documented influence of pH on biologically relevant pro-
cesses [29–32,67,34]. About one third of the amino acids have pro-
tonatable side chains, and their charge can be altered by varying
the pH of the solution. The charge distribution strongly influences
the secondary and tertiary structure of a protein by affecting elec-
trostatic interactions as well as its local hydrobobic/hydrophilic
character. Altering the pH can cause a protein to fold or un-
fold, but pH control can go much beyond protein folding studies.
The local concentration of protons has a key impact on protein
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function, e.g. many membrane channel proteins open or close in
dependence of pH [30] or oxygen carrying complexes change their
binding affinity with changing pH in the so called Bohr effect. In
contrast to temperature, the pH is a parameter Nature in fact
uses extensively to control the function of many biomolecules.
Hence, a well designed pH-jump experiment might lead to a very
elegant, direct and biomimentic measurement of the dynamics of
biomolecules.
In the context of protein folding, a key advantage of pH jumps
is the direct initiation of folding instead of the indirect approach
taken in most T-jump experiments, where the rising tempera-
ture caused unfolding rather than folding of the protein, and the
folding kinetics is inferred indirectly [14–23]. Additionally, pH
jumps may take advantage of the steep dependence of the pro-
tein folding equilibrium on pH, enabling relatively large folding
jumps and possibly a complete crossing of the folding transition.
Such experiments may shed light on the folding process starting
from a completely denatured states of the protein, including the
nucleation step.
However, pH jumps also impose some severe constrains on the
studied system. First, limitations exist for the applicable pro-
ton sources. Most photo-acids deliver a pH jump for a time cor-
responding to the lifetime of their electronically excited state,
which is too short for most structural processes in biomacro-
molecules. Despite some recent advances on long lived reversible
photoacids [35,36], it is mainly nonrecoverable caged protons that
can be utilized practically. This implies that the sample can be
used only once, asking for large amounts of sample. Another prob-
lem is the amount of protons that can be delivered per single laser
shot which is limited by the solubility of the proton source and
amount of the pump light. Furthermore, the spectroscopic signal
from the proton source, which undergoes strong chemical modi-
fications, needs to be separable from that of the protein. Finally,
the proton delivery and transfer times must be considered since
they limit the effective time resolution of the experiment [37–39].
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All these issues will be addressed in the present paper.
We chose poly-L-glutamic acid (poly-L-Glu) and o-nitrobenzaldehyde
(oNBA) as model system for a pH jump induced folding exper-
iment. The homopolymer is a well known model for studying
α-helix formation. Both its pH-induced [40–42] and temperature
induced [11,12,43] folding has been studied extensively. In its pro-
tonated form, poly-L-Glu has a high helix propensity, while it is
forced into a random coil configuration due to strong electrostatic
repulsions when the side chain carboxyl groups are negatively
charged. Until recently, a lot of controversy existed in the liter-
ature regarding its folding time, with values that spanned over
many orders of magnitude from ultrafast cases in nanosecond
time domain to slow folding in the millisecond regime [40,43,14,44–
46]. Recently two T-jump experiments with circular dichroism
(CD) [12] and IR probing [11] provided solid evidence for the he-
lix formation within 1.2 µs at room temperature. These results
confirmed the outcome of earlier electric field jump relaxation
investigations [47,48]. The folding time of poly-L-Glu is signifi-
cantly longer than what is observed for short 20-30 residue Ala-
rich α-helices [14–21].
The proton release from oNBA has been characterized in de-
tail [37] and is sketched in Fig. 1. Relevant for the present study
is the proton release time of ≈20 ns as well as the proton’s dif-
fusion to the target molecule with a typical transfer time that is
expected not to be rate limiting (assuming a proton association
rate of ≈ 1011M−1s−1 and a concentration of ≈1 mM) [38].
The goal of the present work is twofold. On the one hand, the pH
jump technique is explored, providing design criteria for such an
experiment and addressing its strengths and weaknesses. On the
other hand, the folding kinetics of poly-L-Glu is clarified. The
aim is to investigate if pH-jumps return similar values for the
folding time as T-jump experiments (which is expected in the
limit of two-state folding) and also to take a closer look at the
nanosecond time evolution of the amide I band, which has been
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Fig. 1. Reaction scheme of the oNBA photoreaction and the subsequent proton
dissociation. For details of the reaction mechanism, see Ref. [37]
reported in an earlier pioneering pH-jump study of poly-L-Glu
folding [40]. In addition, we will examine the impact of three
experimental parameters on the folding kinetics: the initial pH,
pH jump magnitude and length of the peptide, and will see that
the latter has an appreciable effect.
2 Experimental Methods
Poly-L-Glu homopolymers of different lengths were used: short
with 20 residues, for which the α-helix is only marginally sta-
ble at room temperature, medium with about 50-60 residues and
long with roughly 440 residues. They will be referred to as poly-L-
Glu20, poly-L-Glu50 and poly-L-Glu440, respectively. The shortest
peptide was synthesized by GL Biochem (China) in a step-by-step
manner and used without purification. A chromatogram shows
that the sample contains about 75% poly-L-Glu20 but the only
possible contaminants in this synthesis were shorter sequences.
Another batch of poly-L-Glu20 was purchased from Alamanda
Polymers (USA), where it was synthesized in a bulk polymeriza-
tion process and purified with dialysis to obtain a narrow length
distribution with average mass of 3000 Da (20 residue). Ala-
manda Polymers supplied us also with a 50 residue peptide (7500
Da) obtained in exactly the same way as the 3000 Da batch. Some
of the experiments were performed with peptides with around 60
residues (dialysis with a 8kDa cut-off filter) from Peptide Insti-
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tute Inc. (Japan), but we did not see any difference compared to
the 50 residue peptide. The longest peptide, MW 15-50 kDa (440
amino acids), was purchased from Sigma-Aldrich.
oNBA was obtained from Sigma-Aldrich. A saturated solution of
oNBA in D2O was prepared, which corresponds to about 8 mM
concentration [40]. After filtration, poly-L-Glu was dissolved with
either 4 or 1 mg/ml concentration, which corresponds to 30 mM
or 7 mM concentration, respectively, of glutamate residues. The
initial pD was adjusted by titration with strong acids and bases
(NaOH or HCl) to the desired value. No extra acids, bases or
buffers were added in order to minimize the buffer capacity of
the solution. The titrants were heavy water solutions and the
marginal additions of not deuterated acids and bases was ne-
glected. For measuring the pD, a standard glass electrode was
used, and the pH meter readings were corrected by 0.4 pH units
to obtain pD estimates [49]. All experiments were performed at
room temperatures.
Two electronically synchronized Ti:sapphire oscillator/amplifier
systems were used to generate pump and probe pulses with delay
times up to 40 µs and a jitter of 10 ps [50]. Pump light at 266 nm
was obtained in a third harmonic generator using two BBO crys-
tals. Probe light tunable from 1400 to 1800 cm−1 with about
200 cm−1 bandwidth was obtained from an optical parametric
amplifier (OPA) [51]. The IR beam diameter in the sample focus
was roughly 100 µm and that of the UV pump pulse was slightly
larger with 150-200 µm. Transient IR spectra were recorded with
a 64 channel MCT detector after dispersing the IR probe pulse in
a spectrometer. The sample solution was flown in a wire-guided
jet (thickness 50-100 µm) [52] to avoid UV damage of cuvette
windows. The amount of UV light (around 6 µJ) was chosen to
maximize the IR signals while limiting the thermal, shock wave
and solvated electron artifacts [53,54]. Besides the desired pH
jump, the pump pulse also induced a T-jump which was esti-
mated to be around 1 K; small enough to ignore it in the data
analysis.
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3 Results and discussion
3.1 Titration and folding curves
The aim of a first preparative experiment is to understand the
correlation between pD, protonation and folding of poly-L-Glu.
To that end, an exactly known amount of poly-L-Glu50 peptide
was titrated with 0.1 M HCl, starting from pD 9 down to pD≈4-
3.5. At pD 3.5 and below the solution became cloudy due to
aggregation of the neutral glutamate molecules, therefore titra-
tions were terminated just before aggregation occurred. During
titration, pD was measured as a function of the amount of added
titrant. Assuming a 1:1 neutralization reaction between the added
HCl and glutamate residues (no additional buffers were present
in the solution), the amount of protonation of poly-L-Glu equals
the amount of added titrant. The marginal presence of hydroxyl
groups at the initial pD 9 (on the level of 0.01 mM) was ignored
since the effective glutamate residue concentration was ≈ 300
times higher. Similarly, for acidic conditions around pD=4, the
marginal concentration of free protons was also neglected. The
protonation curve is presented in Fig. 2a (red), revealing an effec-
tive pKa≈6.5 for poly-L-Glu50. This value is higher than the com-
monly given pKa=4.2 of glutamic acid [55]. The difference can
be explained by two effects. First, the titration was performed in
heavy water which is known to shift the pKa by 0.5 [57]. Second,
the pKa of poly-L-glu can be increased due to the high charge
density on the polymer [56], similar to the increasing pKa values
of the 1st, 2nd and 3rd dissociation steps of phosphorus acid (2.2,
7.2, 12.3, respectively [55]).
Fig. 2a (full blue circles) shows the helical content of poly-L-
Glu50 as a function of the pD, measured via its CD signal at 222
nm [5,6]. The signal follows a sigmoidal shape, with a perfect flat
baseline in the basic pD range while the acidic plateau cannot be
fully explored due to aggregation of the fully protonated gluta-
mate peptide. The folding curve shows a steeper transition than
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Fig. 2. (a) Protonation (red) and the CD Θ222 signal reporting on the helical con-
tent (blue), obtained by titrating a basic (pD 9) poly-L-Glu50 (full circles) and
poly-L-Glu20 (open circles) solution with HCl; (b) prtotonation and folding transi-
tions corelated for the poly-L-Glu50 based on the trends of titration and CD data
presented in panel (a), arrows represent the protonation and folding transitions
achieved in the pH jump experiments.
the protonation curve since the starting points of the two transi-
tions do not coincide on the basic side of the plot. A protonation
threshold of about 40% is observed before folding begins.
Note that the fully protonated state does not necessarily repre-
sent a fully helical structure, despite the sigmoidal shape of the
CD signal. The plateau on the acidic side of the folding curve oc-
curs because protonation saturates, and not necessarily since the
helix is fully folded. Even once the peptide is fully protonated
at pD below ≈4, temperature as well as helix length will still
determine the equilibrium between the folded and random coil
configuration. The helicity of the sample is estimated by compar-
ing the recorded residual ellipticity at 222 nm with the reference
value of Θhelix = -44000 +250 (T/
◦C) deg cm2 dmol−1 (where
T=22◦C is temperature) assumed for an infinitive α-helix and
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Θcoil = -2220 - 53 T for the random coil signal [12]. As a result,
the peptides are expected to reach approximately 50% helicity for
poly-L-Glu50 (in agreement with [14]) and 30% for poly-L-Glu20.
Terminal effects that lead to slightly different reference values in
dependence of the length have been neglected in this estimate.
In the time resolved experiments, we release about 1-2 mM of
protons per single laser shot. This value has been estimated from
experiments on acetate protonation [38], and is limited by the
solubility of oNBA (8 mM), the fact that we can excite only half
of the molecules due to the competition between absorption and
stimulated emission, and since the quantum yield of the initial
photoreaction of oNBA is 50%. The value is relatively constant
and independent on the concrete experimental conditions, since
it is determined by the saturation of both the solubility oNBA
and light absorption. In dependence of the buffer capacity of the
sample at a given initial pD, the amount of released protons of
1-2 mM could be translated into a pD jump, but the more signif-
icant number is the relative degree of protonation on the peptide
it can achieve. For most of the experiments, we used ≈7 mM
amino acid residue concentration (1 mg/ml), hence the amount
of released protons can protonate the peptide by ca. 15%-30%.
Complete transfer of the protons to the peptide is assumed due
to excess of the latter and a large difference of the pKa values of
the oNBA acid (2.9) [37] and the effective pKa of the glutamate
side chains (6.5). As illustrated in Fig. 2b, the jump in helicity
will therefore depend on the initial pD. For example, mostly de-
protonated samples with initial pD 8.0 will not reach the folding
threshold after the pH jump, while samples close to the folding
threshold will experience a slight change in the folding equilib-
rium. The highest impact will be observed for samples already
within the folding transition (Fig. 2b, pD 6.0) where the folding
vs. protonation curve is the steepest.
The titration data of poly-L-Glu are the cornerstone for designing
the pH jump experiment. They are critical to decide on meaning-
ful initial pD values corresponding to a point before and within
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the folding transition. They also allow one to estimate the mag-
nitude of the folding jump.
3.2 Poly-L-Glu and oNBA IR spectra
As a second preparative experiment, IR difference spectra were
measured to identify good marker bands for protonation and helix
formation. A first sample (Fig. 3a) contained only poly-L-Glu50,
whose initial pD was adjusted to 9 and which was then titrated
down to pD 3.6 by a small addition of concentrated HCl solution
(no aggregation occurred yet). Protonation of the glutamate side
chain causes the carboxylate band at 1561 cm−1 to bleach and the
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complementary carboxyl vibration at 1703 cm−1 to appear. The
dispersive-like signal in the 1615-1675 cm−1 window is attributed
to a small shift of the amide I band. Folding leads to, in general,
stronger intra-molecular hydrogen bonds and thus a red-shift of
the amide I band, thus this shift reflects formation of the α-helix.
The second sample contained pure oNBA only (Fig. 3c), which
was irradiated for a short time with a deuterium lamp so that
only a small fraction of oNBA reacted. The effect of photoly-
sis was observed in reference to the fresh sample. Assignments
of the oNBA signals are taken from Ref.[37]. The positive band
at 1571 cm−1 originates from the carboxylate group of oNBA,
which is accompanied by a -NO stretch band at 1585 cm−1, whose
strength grows with the appearance of the carboxylate signal due
to strong mixing of the two modes. Other oNBA bands are iden-
tified at 1533 cm−1 (-NO2 bleach) and 1698 cm−1 (aldehyde COH
bleach). Since they reflected early stages of the oNBA photore-
action (see Fig. 1), they are not used for tracking the kinetic
evolution of the system.
Finally, the third sample contained poly-L-Glu50 dissolved in a
saturated solution of oNBA. Fig. 3b presents a long delay time
(10 µs) difference spectrum representing the end state of the
pump-probe experiments (it turned out that a stationary pho-
tolysis difference spectrum is affected by oxidation and/or follow
up reactions of presumably the quite reactive o-nitrosobenzoic
acid). This difference spectrum contains a superposition of fea-
tures identified in the poly-L-Glu titration and the oNBA pho-
tolysis spectra. Spectral overlap in the carboxylate region causes
significant cancelation of positive and negative bands from oNBA
and poly-L-Glu, respectively. Nonetheless, the positive signal at
1585 cm−1 track the proton release from oNBA, while the bleach
signal at 1555 cm−1 can be used to observe the proton reaching
the poly-L-Glu side chains. The amide I band shift can be clearly
identified.
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Fig. 4. Kinetic traces of proton transfer marker bands of oNBA and 4 mg/ml
poly-L-Glu50 initiated at pD 7. The solid lines represent exponential fits with the
time constants given.
3.3 Time-resolved IR - proton transfer
We first discuss the proton transfer reaction based on the car-
boxyl and carboxylate bands of the oNBA and poly-L-Glu. A
typical response of the growing carboxylate band from oNBA at
1585 cm−1 and the corresponding bleach of poly-L-Glu at 1555
cm−1 is shown in Fig. 4 for a 4 mg/ml poly-L-Glu50 sample ini-
tiated at pD 7. The positive going signal is dominated by oNBA
and can be fitted with good accuracy with a single exponential
function with 20 ns, in excellent agreement with our previous
finding for pure oNBA or oNBA together with acetate as pro-
ton acceptor [37,38]. The corresponding fit of the negative going
signal reveals a somewhat slower time constant of 28 ns, indi-
cating that the diffusive transport of the proton from oNBA to
poly-L-Glu happens on a similar timescale, so it slows down the
overall process only a little bit. This time sets the effective time-
resolution of the pH jump experiment.
It should be noted though that the same bands in different sam-
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ples revealed slightly different time constants varying between
≈10 to 45 ns. In a previous study [37], we had found that the
availability of a proton acceptor did not impact the oNBA disso-
ciation time. We therefore attribute the observed spread of times
here to an artifact that occurs due to the large cancelation of
the true oNBA signal, which is a 1st order kinetics and as such
expected to be exponential, and the carboxylate signal of poly-L-
Glu. The kinetics of the latter is, in principle, 2nd order, and as
such non-exponential, so the apparent timescale of the difference
of both signals will depend on the relative contribution of both
species. The poly-L-Glu kinetics is further complicated by the
fact that the concentration of acceptors is poorly defined since a
single polymer chain, which is a macromolecule with large dimen-
sion, can take up many protons. Taking a single residue perspec-
tive, the accepting groups are clustered which makes the distance
protons need to diffuse to encounter a carboxylate anion longer.
Therefore, neither the residual nor the polymer concentration is
a proper parameter to describe the 2nd order kinetics. Taking
these effects into account from a kinetic point of view would be
quite cumbersome. We did not analyze it in detail since – as we
will see – the folding kinetics is significantly slower than the pro-
tonation kinetics, so the uncertainty in the latter does not affect
the conclusions of the paper.
3.4 Time-resolved IR - amide I band
The dynamics observed in the amide I band region is much richer.
The spectra presented in Fig. 5 show different signatures of the
folding process when initiating the samples at pD’s 8.4, 6.4 and
6.0. These initiation points correspond to a sample far from the
folding transition (i.e., completely unfolded), a sample at the
threshold of the folding transition and a sample initiated from
a half folded state, see Fig. 2b. Fig. 6 shows kinetic traces ex-
tracted from these spectra at two positions indicated by the ar-
rows in Fig. 5, which represent the shift of the amide I band
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Fig. 5. Time resolved IR spectra of three poly-L-Glu50 samples at 1 mg/ml concen-
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upon folding. Two timescales can be identified. In the nanosec-
ond regime, a bleach is detected over the entire frequency window
of the amide I band. On a slower timescale, the amide I band red-
shifts, as evidenced by a further bleach on the high-frequency side
(Fig. 6,a) and an induced absorption at the low-frequency side
(Fig. 6,b). The second step is not seen when starting from an
initial pD 8.4.
The timescale of the first kinetic step agrees well with that of
proton transfer (Fig. 4). This agreement can be understood if the
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initial bleach of the amide I band is interpreted as a direct effect of
protonation e.g. the Stark effect or a solvent rearrangement, and
thus is related to the change of a charge rather than a structural
rearrangement of the peptide. To further test this hypothesis,
a control experiment has been performed with a Glu-monomer
as a test molecule (Fig. 7). By terminating a single Glu amino
acid on the C- and N-terminus, two coupled carbonyl groups are
obtained that mimic the backbone amide I band, but the molecule
is not capable of any structural rearrangement resembling helix
formation. The fast amide I bleach is still observed for that test
molecule, with a response time that largely resembles that of the
poly-L-Glu sample with initial pD 8.4 (Fig. 8). As the molecule
cannot fold, it must be the direct effect of the neutralized charge
that gives rise to the amide I response.
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Fig. 7. Structure of the test molecule used to estimate the direct impact of proto-
nation on the amide I band.
The shift of the amide I band occurring on a longer timescale for
starting pDs of 6.0 and 6.4 is interpreted as α-helix folding. Glob-
ally fitting the kinetic traces shown in Fig. 6 with an exponen-
tial function revealed a time constant of 1.4 µs for poly-L-Glu50,
which compares well with recent T-jump experiments [11,12]. The
lack of the corresponding signal in the pD 8.4 sample suggests
that the magnitude of the pD jump is not sufficient to trigger
the folding process in this case. This is indeed expected from
Fig. 2b, which shows a protonation threshold of ≈40% before
folding is initiated. Although the pD 8.4 sample does not fold, it
still shows the fast amide I bleach upon protonation, just like the
Glu monomer (Fig. 8). In agreement with Fig. 2b, folding is not
expected for the pD 8.4 samples, whereas the folding signal in
relation to the negative going amide I bleach is the largest for an
initial pD=6.0, where the amount of helix formation in relation
to the amount of protonation is maximal.
Fig. 9 studies the dependence of the folding rate on various exper-
imental parameters. We find that the folding time is independent
of the starting point determined via the initial pD (Fig. 9b) and
the amount of the pD jump determined via the peptide concen-
tration (which changes the self-buffering capacity of the sample
while the amount of released protons is the same, see Fig. 9c).
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Corresponding amide I response.
The folding time does however depend on the length of the helix
(Fig. 9a). Exponential fits revealed time constants of 0.6 µs, 1.4 µs
and 1.8 µs for peptides with 20, 50 and 440 residues, respectively.
There is a significant increase of folding time from poly-L-Glu20
to poly-L-Glu50, but no longer to poly-L-Glu440, suggesting that
50 residue is essentially the long-chain limit. In addition, the rel-
ative amplitude of the fast bleach of the amide I band and the
later positive signal changes with the length of the peptide, since
folding is less complete for the shorter peptide as also observed
in stationary CD titration experiments (Fig. 2a).
Typical temperature induced folding times of short 20-30 residue
Ala-rich α-helices are a couple of 100 ns [14–21]. As such, the
1.8 µs time constant measured here for poly-L-Glu440 must be
considered slow, while the folding time of poly-L-Glu20 (600 ns)
is more in the expected range. We are not aware of any system-
atic study of the helix folding rate on helix length spanning such
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a big range from 20 to 440 residue. In the case of small proteins
forming tertiary structures, a trend has indeed observed for the
folding time versus protein size [60–63], and based on relatively
global arguments, scaling laws of the form τfold ∝ exp(Nα) have
been proposed with N the number of amino acids and α < 1
[63,64,62]. These scaling laws have in common that the folding
time would diverge with increasing N , which is not what we seem
to observe. Very likely, the mechanism of formation of tertiary
structure in a protein is very different from α-helix folding in
a homo-polymer. The fact that the folding time seems to satu-
rate speaks for a nucleation-propagation scenario. As one possi-
ble explanation, the helix length changes the folding barrier to
an extent to explain a factor three faster rate for the shortest
peptide, which would not be a dramatic effect, evidencing that
nucleation of folding is a local effect. Alternatively, propagation
of the helix after its nucleation isn’t all that fast, as sometimes
assumed [58,15], and as such it takes longer to fold a longer he-
lix. In either case, a length of 50 residue, for which the folding
time essentially reaches the long-chain limit, would correspond
to typical distance between independent nucleation events in a
multi-nucleation helix folding scenario. This hypothesis might be
checked by all-atom MD simulations, that are no longer out of
reach for molecules of that size on the microsecond timescale.
4 Conclusions
We demonstrated that pH jumps can successfully be applied for
peptide folding studies. The extensive preliminary titration ex-
periments established a firm understanding of the pH dependence
of protonation and folding of the peptide. Although the results
of these experiments remain dedicated to the particular peptide
studied, their outcome has a more universal meaning regarding
the impact of the peptide’s self-buffering capacity on the experi-
mental outcome. A crucial factor is the ratio of released protons
versus protonatable groups of the peptide. The former is ulti-
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mately limited by the solubility of the proton cage. Lowering
the concentration of the studied sample, and thus its own buffer
capacity, is therefore needed. It can lead to an increase of the
observed signals (in a relative sense) by inducing a larger change
of the folding equilibrium. One of the attractive perspectives of
pH jump experiments is the opportunity to control the folding
jump in terms of its starting point and magnitude. Performing a
systematic study of these parameters would be particularly inter-
esting if one could cross the folding transition entirely. Unfortu-
nately, we could not achieve such a complete jump in the present
study due to the limited solubility of oNBA and the relatively
weak amide I difference signal (relative to the strong COO− and
COOH bands flanking the amide I region). It should be noted
though that poly-L-Glu actually is a worst case example for a
pH jump experiment since every single amino acid is protonat-
able. Naturally occurring peptides and proteins whose folding
can be initiated through the pH, such as the barstar protein and
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leucine zippers [67,65,66], are heteropolymers and therefore will
introduce lower buffer capacity associated with the protonation
induced folding transition. In contrast to T-jumps, which affects
all amino acids of a protein uniformly, a pH-jump can act more
locally and as such in a more controllable manner by changing
the interactions of only the protonatable amino acid. Examples
are the gating mechanism of the influenza A M2 proton channel
which opens and closes in response to the protonation of only a
few sites [30], and the stabilization of the structure of a leucine
zipper through inter- and intra-helix salt bridges [68]. Further-
more, varying the pH in the near neutral regime typical for pH
jumps induce only small changes to the total ion concentration
in the solution altering its overall properties much less than a
T-jump.
In the time traces of the amide I band, two kinetic components
have been identified. The faster nanosecond process occurs simul-
taneously with proton transfer, and can also be reproduced in a
Glu monomer. This kinetic step thus cannot be attributed to an
ultrafast folding step, and is rather interpreted as an amide I os-
cillator strength loss resulting from side chain protonation. The
slower component occurs on a microsecond timescale and reflects
helix formation. The folding time is independent on initial pD
and the amount of the pD jump and is determined to be 1.4 µs
for poly-L-Glu50, similar to values observed in recent T-jump ex-
periments [11,12]. The folding rate is the fastest for poly-L-Glu20,
which is when the helix becomes only marginally stable. The sat-
uration of the folding time at about 50 residue correspond to
typical distance between independent helix nucleation events.
In conclusion, folding experiments on model homo-polymers can
deliver new insights in the fundamental mechanisms of α-helix
formation, and pH jumps are an method complementary to T-
Jumps to initiate folding. In addition to protein folding studies,
careful design of a pH-jump makes it a fast biomimetic trigger
that can be utilized in a wide range of biophysical studies, such
as the control of membrane channels.
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